Abstract A new route for synthesizing Ag-decorated ZnO nanowires (NWs) on conductive glass substrates using a one-step electrodeposition technique is described here. The structural, optical, and photoelectrochemical properties of Ag-decorated ZnO nanowires were studied in detail using techniques such X-ray diffraction, scanning electron microscopy, energy-dispersive X-ray spectroscopy, UV-visible spectroscopy, photoluminescence, and photoelectrochemical measurements. Both pure and Ag-decorated ZnO nanowires were found to crystallize in the wurtzite structure, irrespective of their Ag contents. Increasing the Ag content from pure ZnO NWs to 3% Ag ZnO NWs decreases the photoluminescence intensity, shifts the optical band gap to the red, and increases the photocurrent up to threefold. This behavior was attributed to the surface plasmon resonance effect induced by the Ag nanoparticles, which inhibits charge recombination and improves charge transport on the ZnO surface.
Introduction
ZnO is a II-VI semiconductor material with a direct band gap energy of 3.37 eV and a large exciton binding energy of 60 meV at room temperature [1] [2] [3] [4] [5] [6] [7] . Recently, onedimensional ZnO nanostructures such as nanowires, nanorods, nanofibers, nanobelts, and nanotubes have attracted intense interest in both academic research and industry because of their potential use as building blocks in other structures [8] [9] [10] . Due to their remarkable performance in electronics, optics, and photonics, ZnO nanowires are deemed to be suitable for many applications, such as UV lasers [11] , lightemitting diodes [12] , photocatalysts [13] , nanogenerators [14] , gas sensors [15] , and photodetectors [16] . Thus, numerous studies have focused on the preparation of ZnO nanowires as well as their applications as photoanodes in solar cells [17] . Because of its absorption in the UV region, only radiation with relatively short wavelengths (below 385 nm) can be utilized to generate electron-hole pairs in ZnO. Consequently, the activity of ZnO is largely restricted to the ultraviolet region, which corresponds to only about 4% of the entire solar spectrum [18] .
To overcome this drawback of ZnO, several methods have been attempted. For instance, doping the ZnO with various elements (yielding, for example, Au-ZnO [19] , Ag-ZnO [20] , Pt-ZnO [21] , or Al-ZnO [22] ) is an effective way of improving the properties of ZnO nanowires. As well as enhancing the optical and electrical properties of ZnO, doping also allows greater control over those properties, and both of these advantages are crucial for practical applications. In fact, doping with a metal is an exciting area of research for those interested in material functionality and the design of structures that carry electrical signals. Doping causes a shift in the Fermi level to a more negative potential, resulting in enhanced efficiency of the interfacial charge-transfer process [23] .
More recently, silver has attracted intense interest because of its efficient surface plasmon resonance (SPR) in the visible light region. Moreover, metallic Ag effectively facilitates efficient charge separation and thus suppresses the recombination of photoexcited electronhole pairs, improving photoelectrochemical performance.
Several methods have been used to synthesize Agdoped ZnO nanowires (NWs), including chemical vapor deposition (CVD) [24] , physical vapor deposition (PVD) [25] , thermal evaporation [26] , electrodeposition [27, 28] , and a hydrothermal method [29] . Among these, electrochemical deposition has attracted the most interest due to its ability to produce integrated, vertically oriented nanowire arrays with controllable dimensions [30] and because it does not require advanced equipment or involve complex procedures and delicate experimental conditions [31] . Numerous studies have focused on the synthesis of Ag-doped ZnO nanowires via electrodeposition. Pauporté et al. electrodeposited Ag-doped ZnO nanowire arrays at low temperature and studied their application in a light-emitting diode [32] . Lupan et al. synthesized arrays of crystalline ZnO:Ag nanowires onto substrates coated with F-doped tin oxide [33] . They found that the resulting ZnO:Ag nanowire-based nanosensor had a particularly fast response/recovery time and strong responses to UV radiation and hydrogen gas.
It is worth noting that those previous studies prepared Ag-decorated ZnO nanowires using a two-step electrodeposition route. Also, to the best of our knowledge, there are few reports in the literature of studies of the photoelectrochemical behavior of Ag-decorated ZnO nanowires. Therefore, in the work reported in the present paper, we used a one-step electrodeposition method to prepare Ag-decorated ZnO nanowires. The effects of the Ag content on the structural, morphological, optical, and photoelectrochemical performance of the Agdecorated ZnO nanowires are analyzed and discussed here.
Experimental Electrodeposition of pure and Ag-decorated ZnO nanowires
The electrodeposition of pure ZnO nanowires onto indium tin oxide (ITO) coated glass substrates from aqueous solution has previously been reported by our group [30, 34, 35] . The synthesis was carried out using an Metrohm Autolab (Utrecht, Netherlands) PGSTAT30 potentiostat/galvanostat in a standard three-electrode system. The working electrode was an ITO-coated glass substrate, while the counter electrode and the reference were a Pt wire and an Ag/AgCl electrode, respectively. The electrolyte bath consisted of an aqueous solution of ZnCl 2 (5×10 −4 M) and KCl (0.1 M), a supporting electrolyte. Continuous bubbling of oxygen was performed throughout the electrodeposition process and the temperature was adjusted to 80°C. A potential of −1.0 V vs. Ag/AgCl was applied for 7200 s.
To obtain the Ag-decorated ZnO nanowires, silver nitrate (AgNO 3 ) was added to the previously mentioned electrolyte bath. ZnO NWs doped to various levels with Ag were achieved by varying the [Ag]/[Zn] ratio in the starting electrolyte from 0 to 3%.
Characterization of pure and Ag-decorated ZnO NWs
The as-prepared ZnO NWs and Ag-decorated ZnO NWs were examined by various characterization techniques. The morphology and the chemical composition of each sample were studied using a Philips (Amsterdam, Netherlands) CM20 (FESEM-7500 F.ULTRA 55) scanning electron microscope (SEM) operating at 20 kV and equipped with an energy-dispersive X-ray spectrometer (EDX).
The crystalline structure of the as-prepared samples was determined by X-ray diffraction (XRD) using a Bruker (Karlsruhe, Germany) D8 Advance diffractometer with a CuK α (λ = 1.541 Å) X-ray source operating at 45 kV and 40 mA in the range 2θ = 20-70°with a scan speed of 8°/min.
The optical properties of the samples were examined by UV-vis spectroscopy and photoluminescence (PL). The UV-vis absorption spectrum was recorded in the range 300-900 nm using a Lambda 900 (PerkinElmer, Waltham, MA, USA) spectrophotometer. Photoluminescence measurements were recorded at room temperature using a 266-nm excitation laser and a 250 mm HORIBA Jobin Yvon (Bensheim, Germany) monochromator.
Photoelectrochemical (PEC) measurements of pure ZnO NWs and Ag-decorated ZnO NWs were obtained using Pt wire and Ag/AgCl as the counter and reference electrodes, respectively, which were immersed in Na 2 SO 4 (0. 
Results and discussions Morphology
The SEM micrographs depicted in Fig. 1 illustrate the morphologies of the pure and Ag-decorated ZnO nanowires. The films consisted of a dense array of hexagonal ZnO nanowires. The wires were uniformly relatively well aligned and approximately normal to the ITO substrate. The average wire diameter and length were estimated to be about 100 nm and 1.2 μm, respectively. As the Ag content in the electrolyte bath was increased, a large aggregate (indicated by a red arrow in Fig. 1 ) was observed. Further, in Fig. 1 , it is apparent that both the diameter and length of the ZnO NWs increased with Ag content. The density of ZnO NWs may have decreased due to a reduction in heterogeneous nucleation, and the increase in the average diameter of the ZnO NWs with Ag concentration is related to the decreased density of ZnO nuclei [36, 37] . A similar trend was also recently observed by H.-M. Hsu et al. [38] . Those authors found that the higher the Ag content in the starting electrolyte, the higher the level of decoration of ZnO NWs with Ag nanoparticles.
The EDX spectra for pure ZnO and Ag-decorated ZnO NWs with different Ag contents are represented in Fig. 2 . Table 1 displays the compositions of different Ag-decorated ZnO NWs, and shows that the amount of Ag in the film increases in proportion to the amount of Ag added to the starting electrolyte.
The results demonstrate that the amount of Ag decoration has a substantial influence on the morphology of the ZnO NWs. In fact, adding only a small amount of Ag to the electrolyte (1-1.5%) led to very small crystallites of Ag that were uniformly dispersed on the surfaces of the ZnO NWs. However, when the amount of Ag added was 2-3%, Ag nanoparticle aggregates were obtained.
Structural properties
Figure 3a presents XRD diffractograms of pure and Agdecorated ZnO nanowires with different Ag contents. These diffractograms show well-defined peaks corresponding to the (100), (002), (102), (110), (103), and (112) planes, which were attributed to a single phase of wurtzite ZnO (JCPDS 036-1451). It is worth noting that the peak at 34.40°attributed to the (002) plane is more intense than the other peaks, indicating a preferred c-axis orientation for crystallites in ZnO nanowires. This result is in good agreement with those published in the literature [30, 35, 39] . Also, for Ag-decorated ZnO nanowires with 2 and 3% Ag, there are two small peaks at 38.5°and 44.6°which were assigned to the (111) and (200) planes and correspond to cubic metallic silver, indicating the formation of silver crystallites [40] . The same behavior has also been observed by other authors. Tarwal et al. [17] obtained Ag-doped ZnO thin films using a pneumatic spray pyrolysis technique and showed that the intensity of the (200) peak increases with the percentage of silver in the solution. This phenomenon was also detected in Ag-doped ZnO nanorods grown on stainless-steel wire meshes by chemical bath deposition [36] . Compared to the pure ZnO nanowires, a slight shift toward higher angles is observed in Fig. 3b with increasing Ag content. This behavior has been explained by several authors and can be related to the increase in the lattice constants induced by the substitution of Zn 2+ ions (ionic radius 0.74 Å) with larger Ag + ions (ionic radius 1.26 Å) [17, 29] . The crystallite size (D) of the ZnO nanowires along the (002) orientation was determined by Debye-Scherer's formula [41] :
where K = 0.89, D is the average size of a crystallite, β is the observed full width at half maximum (FWHM) of the (002) peak, λ is the X-ray wavelength of the CuK α radiation (1.54 Å), and θ is the Bragg angle. The calculated crystallite sizes are summarized in Table 2 and plotted in Fig. 3c . As shown in this figure, the crystallite size decreased from 103 to 72 nm as the Ag content was increased from 0 to 3%. Conversely, the FWHM increased with increasing Ag content. A similar trend was observed by Hsu et al. [38] . Finally, the microstrain (ε), which is an interesting structural parameter of Ag-decorated ZnO nanowires, was calculated using the following equation [42] :
where β 1/2 is the FWHM of the (002) peak and θ is the Bragg angle. In contrast to the crystallite size, the microstrain increased from 20.5 × 10 −4 to 29.1 × 10 −4 when the Ag content was increased from 0 to 3% (Table 2 and Fig. 3c ). Lattice constants with and without Ag can be calculated using the position of the peak. The lattice constants were calculated for various concentrations of Ag in the hexagonal crystal lattice of ZnO, and the results are presented in Table 2 . The lattice parameters decrease with increasing Ag + content, which is consistent with the smaller ionic radius of Zn 2+ than Ag + . The lattice parameters of the Ag-decorated ZnO NWs obey Vegard's law, indicating that a solid solution might exist. The lattice parameters a and c decrease from 3.250 and 5.208 Å for the pure ZnO NWs to 3.221 and 5.157 Å for the 3% Agdecorated ZnO NWs. The increase in the microstrain parameter with Ag content may therefore be due to the decrease in crystallite size. Increasing the Ag content decreases the lattice parameters a and c of the ZnO wurtzite structure [43, 44] , which may be caused by either interstitial incorporation of Ag ions into the lattice through the substitution of Zn ions 
Optical studies
The optical properties of the pure and Ag-decorated ZnO nanowires were determined from measurements of transmittance in the range 300-900 nm. The absorption coefficient (α) of each deposited film was calculated from the observed transmittance using the Beer-Lambert law [45] :
where α is the absorption coefficient (in cm
), d is the film thickness, and T is the transmittance. According to the band theory for solids, the relationship between the absorption coefficient α and the energy of the incident light (hν) near the absorption edge of a semiconductor is given by Tauc's relation [46] :
where B is a constant, E g is the band gap of the material, hν is the photon energy, and n is an index that characterizes the optical absorption process and is theoretically equal to 2, 1/2, 3, or 3/2 for indirect allowed, direct allowed, indirect forbidden, and direct forbidden transitions, respectively. The band gap values were determined from the intercept of the straight-line portion of the graph of (αhν) 2 against hν on the hν-axis at α = 0. Figure 4 shows the transmittance spectrum as a function of the wavelength for different samples. It can be seen from this figure that pure ZnO NWs show high transmission at wavelengths longer than 380 nm. The high transparency in the visible region is a consequence of the wide band gap of the semiconductor (3.27 eV). The transmittance of Ag-decorated ZnO nanowires in the visible region decreases from 60 to 5% as the Ag content increases. Tarwal et al. [17] explained this behavior as being due to grain boundary scattering and the absorption of visible light by surface plasmon resonance related to the presence of Ag nanoparticles.
Optical absorption spectra for the samples were also recorded over wavelength range 300-900 nm (Fig. 4b) . It is clear that all of the spectra show strong absorption in the UV region due to the fundamental absorption edge of ZnO, corresponding to the band-gap energy. Upon the addition of silver to the ZnO nanowires, absorbance was significantly redshifted into the visible region. Also, Fig. 4b presents an absorption peak within the range 450-600 nm, which is related to the SPR of the silver. This peak becomes more intense for the sample decorated with 3% Ag. Figure 4c shows a plot of (αhν) 2 vs hν for pure and Ag decorated ZnO nanowires with different Ag contents. The measured band gap was found to range from 3.27 to 3.12 eV. These values are in agreement with those reported in the literature for pure ZnO and Agdoped ZnO thin films [17, 47] . The decrease in the band gap with increasing Ag content was related to the increased decoration of the ZnO NWs with Ag nanoparticles. This result was in good agreement with the XRD patterns.
The optical absorption of Ag-decorated ZnO NWs is not obtained simply through the superposition of the SPR and exciton peaks. When there is direct contact between a semiconductor and a metal, electrons are transferred between them due to their different Fermi energies, and this transfer continues until the two systems reach equilibrium [48] . Another reason for the shift in plasmon resonance is the increase in the dielectric constant of the surrounding medium due to the presence of Ag nanoparticles on the ZnO NWs [49, 50] . However, Udom et al. and Nour et al. [51, 52] found that the incorporation of Ag barely changed the optical band gap of ZnO thin films.
In conclusion, the optical band gap of the ZnO NWs was found to be strongly dependent on where the Ag nanoparticles were located with respect to the ZnO NWs, which was in turn dependent on the film deposition method used.
Photoluminescence properties
To confirm the effect of Ag on the optical properties of Agdecorated ZnO nanowires, photoluminescence measurements were performed at room temperature using excitation at 266 nm. Figure 5 shows the photoluminescence spectra of Agdecorated ZnO nanowires for different Ag contents ranging from 0 to 3%. The emission peak centered at about 3.25 eV was assigned to the recombination of electron-hole pairs in the Agdecorated ZnO NWs. In addition, Fig. 5 reveals a broad band at low energy that was attributed to surface states or oxygen Table 2 Crystallite size (D), crystal parameters (a, c), interplanar spacing (d) for the planes (002) and (101), and microstrain of dislocations (ε) for Ag-decorated ZnO nanowires vacancies [53, 54] . Also, a redshift and a decrease in UV emission intensity were observed with increasing Ag content. This behavior was attributed to the oxygen vacancies in Ag-decorated ZnO NWs and electron transfer from ZnO to Ag at the interface, respectively. The 3% Ag-decorated ZnO showed the lowest PL intensity, which was because the bottom energy level of the ZnO conduction band is higher than the new equilibrium Fermi energy level (E f ) [55] of the Ag-decorated ZnO NWs. The photoexcited electrons in the conduction band can move from ZnO to Ag nanoparticles, causing a reduction in electron-hole recombination in ZnO, which results in a drop in PL intensity. As the Ag content increases, more metal sites that can accept electrons become available, leading to a corresponding increase in the separation of photoinduced electrons and holes and resulting in a decrease of the PL intensity. Furthermore, this reduction of the PL intensity can also be due to absorption or reflection processes of PL emission (coming from ZnO NWs) by Ag nanoparticles. Therefore, increasing the amount of Ag nanoparticles would further result in a drop of the amount of photons reaching the photodetector.
Photoelectrochemical performance
The photocurrent response is a useful for evaluating the separation efficiency of photogenerated electron-hole pairs. The photoresponses of glass/ITO/Ag-decorated ZnO NWs/Pt cells were determined by performing potentiostatic (I−V) measurements under xenon lamp illumination in an aqueous solution containing 0.5 M Na 2 SO 4 (pH 7) with an applied potential ranging from −1 to +0.8 V vs. Ag/AgCl.
As shown in Fig. 6a and b, the observed dark current density was negligible for pure ZnO nanowires. However, when the Ag content was increased, the spectral response of the dark PEC cell indicated that there was some dark cathodic current. The origin of this current was generally correlated with the open circuit voltage or surface state modification [56] . When the junction was illuminated and as the applied voltage (V vs. Ag/AgCl) became more positive, the photoenhanced current densities of all the samples increased, indicating the presence of an n-type semiconductor. Moreover, we observed considerable variation as the Ag content was increased, particularly in the short circuit current (J sc ). As can be seen, a large increase in the short-circuit current was followed by a slight decrease in the open-circuit voltage. A lower J sc was observed for the pure ZnO nanowires. This may be explained by the easy recombination of the photogenerated electron-hole pairs compared with those in the Ag-decorated ZnO [17] . The increase in J sc with increasing Ag content can be explained by the high absorption of the Ag-decorated ZnO nanowires, which is due to both the Ag nanoparticles and the energy transfer mechanism from the noble metal to ZnO. This greatly reduces photogenerated charge-carrier recombination losses due to reduced grain boundary resistance during the charge transfer process [57] . These results are consistent with the photoluminescence results.
In addition, as shown in Fig. 7 , the photoresponses of both the pure ZnO NW electrode and the Ag-decorated ZnO NW electrodes were determined by performing potentiostatic (current vs. time, I-t) measurements using intermittent illumination for a total test duration of 300 s under a bias of 0.5 V vs. Ag/AgCl (reference electrode). Figure 7 demonstrates that the photocurrent of the 3% Ag-decorated ZnO NW electrodes was about 0.14 mA/cm 2 , three times higher than that of pure ZnO NWs (0.045 mA/cm 2 ). The photocurrent decreased to zero when the light incident on the photoanode was turned off, and it returned to its original value when the light was turned on again. This observation confirms that rapid charge transport occurs when the ZnO nanowires are decorated with Ag nanoparticles.
Based on the above results, there appear to be two important reasons for the enhanced PEC properties of Ag-decorated ZnO nanowires. Firstly, the homogeneous deposition of Ag reduces the recombination of photogenerated charge carriers. Secondly, because the absorption spectrum of Ag-decorated ZnO nanowires is better suited to solar light absorption than pure ZnO nanowires, Ag-decorated ZnO nanowire electrodes can harvest more solar light and generate more electron-hole pairs, leading in turn to a higher photocurrent [25, 32] .
From these findings, we can conclude that the Agdecorated ZnO NWs obtained in a one-step electrodeposition process in this work show significantly enhanced photocurrent and photoelectrochemical performance compared to pure ZnO nanowires.
Conclusions
In this work, vertically Ag-decorated ZnO nanowires with excellent uniformity were successfully synthesized on ITOcoated substrates using a single-step electrodeposition method. XRD, SEM, and EDX investigations confirmed the formation of these Ag-decorated ZnO nanostructures. It was found that increasing the Ag content caused the optical band gap to decrease and resulted in the observation of SPR phenomena. The Ag-decorated ZnO NWs exhibited improved PEC performance compared to pure ZnO NWs. The 3% Ag-decorated ZnO NWs showed the highest photocurrent among all the samples tested. Our results unequivocally indicate that the electrodeposition technique used in the present work is an efficient method of synthesizing Ag-decorated ZnO NWs. These electrodeposited Ag-decorated ZnO NWs, which exhibit a novel SPR phenomenon, could be applied to harvest the visible light in solar cells.
